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Time-series, cross-sectional, and prospective cohort studies have observed associations between mortal¬ 
ity and particulate air pollution but have been limited by ecologic design or small number of subjects or 
study areas, The present study evaluates effects of particulate air pollution on mortality using data from 
a large cohort drawn from many study areas. We linked ambient air pollution data from 151 U.S. metropoli¬ 
tan areas in 1980 with individual risk factor on 552,138 adults who resided in these areas when enrolled 
in a prospective study in 1982. Deaths were ascertained through December, 1989. Exposure to sulfate and 
fine particulate air pollution, which is primarily from fossil fuel combustion, was estimated from national 
data bases. The relationships of air pollution to all-cause, lung cancer, and cardiopulmonary mortality was 
examined using multivariate analysis which controlled for smoking, education, and other risk factors, Al¬ 
though small compared with cigarette smoking, an association between mortality and particulate air pollu¬ 
tion was observed. Adjusted relative risk ratios (and 95% confidence intervals) of all-cause mortality for 
the most polluted areas compared with the least polluted equaled 1.15 (1.09 to 1.22) and 1.17 (1.09 to 1.26) 
when using sutfata and fine particulate measures respectively. Particulate air pollution was associated with 
cardiopulmonary and lung cancer mortality but not with mortality due to other causes. Increased mortality 
is associated with sulfate and fine particulate air pollution at levels commonly found in U.S. cities. The 
increase in risk is not attributable to tobacco smoking, although other unmeasured correlates of pollution 
cannot be excluded with certainty. Pope CA HI, Thun MJ, Namboodiri MM, Dockery DW, Evans JS, Speizer 
FE, Heath Jr CW. Particulate air pollution as a predictor of mortality in a prospective study Of U.S. 
adults. Am J Respir Crit Care Med 1995;151:669-74. 


Many studies have observed associations between particulate air 
poliution and human health (1). Increases in sickness and death 
associated with severe air pollution episodes have been well 
documented. Recent daily time-series studies have observed as¬ 
sociations between daily mortality and changes in particulate air 
poliution (2-6) at levels below U.S. air quality standards. Elevated 
particulate air pollution has been associated with declines in lung 
function (6-9), increases in respiratory symptoms (6, 8-11), in¬ 
creases in respiratory hospitalizations (6, 12-13), and restricted 
activity (14, 15). 

Ecologic cross-sectional studies have reported associations 
between mortality rates and sulfate or fine particulate pollution 
levels across metropolitan areas (18-19). Mortality risks of air pol¬ 
lution have also been estimated using data from a 14 to 16 year 
prospective follow-up of over 8,000 adults living in six U.S. cities 
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(20) which controlled for individual differences in age, sex, ciga¬ 
rette smoking, and other factors. In both the ecologic studies and 
the recent prospective cohort study, mortality was more strongly 
associated with sulfate or fine particulate air pollution than with 
other measures of air pollution. 

Particulate air pollution is a mixture of particles that vary in 
size, composition, and origin. Fine particles (those with aero¬ 
dynamic diameters equal to or less than 2.5 pm) are the largest 
health concern because they can be breathed most deeply into 
the lung. This size range includes most sulfate particles (which 
generally make up the largest fraction of fine particles by mass). 
Unlike larger particles which are derived primarily from soil and 
other crustal materials, fine particles (including sulfates) are de¬ 
rived chiefly from combustion of fossil fuels in processes such 
as transportation, manufacturing, and power generation. Sulfate 
particles are commonly generated by conversion from primary 
sulfur emissions and a varying portion of sullate particles may 
be acidic. 

Previous studies of particulate poliution and mortality have 
been limited by ecologic design or small number of subjects or 
study areas. In the present study, a large cohort of adults living 
in 151 U.S. metropolitan areas was followed prospectively between 
1982 and 1989. Ambient concentrations of sulfates and fine parti¬ 
cles were used as indices of exposure to combustion source am¬ 
bient particulate air pollution. Exposure to ambient air pollution 
was estimated from national data bases. Associations between 
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mortality and particulate pollution were evaluated at pollution levels 
common to many U.S. metropolitan areas while directly adjusting 
for individual differences in smoking status, gender, age, educa¬ 
tion, and other risk factors. 

METHODS 
Study Population 

This analysis relied on data for 652,138 men and woman drawn from the 
American Carreer Society (ACSJ Cancer Prevention Study I! (CPS-11), an 
ongoing prospective mortality study of approximately 1.2 million adults 
(21). Participants were enrolled by ACS volunteers in the fall of 19B2. They 
resided in all 50 states, the District of Columbia, and Puerto Rico, arid 
were usually friends, neighbors, or acquaintances of the ACS volunteers. 
Enrollment was restricted lo persons who were at least 30 yrof age and 
who were members of households with at least one individual 45 yr of 
age or more. Participants completed a confidential questionnaire which 


Based on participani addresses at time of entry into the study and 3-digit 
zip code areas (24), each participant was assigned a metropolitan area 
of residence. Smoking status and other individual risk factors were as¬ 
sessed at the time of entry into the cohort. Pollution exposure also was 
assessed for a time period jusl prior to entry into the cohort. 

Two Indices of exposures to combustion source particulate air pollu¬ 
tion were used. The first was mean concentration of sulfate air pollution 
for 1980 inthe participant's area of residence based on daia from the U.S. 
Environmental Protection Agency's (EPA) National Aerometric Data Base 
Means were calculated as the average of annual arithmetic mean 24-h 
sulfate values forall monitoring sites in the Standard Metropolitan Statistical 
Areas or, in NewEngiand, New England County Metropolitan Areas thai 
corresponded with defined areas of residence. Across the 151 metropoli¬ 
tan areas with matching data, mean sulfate concentrations averaged 
11 pg/m 5 and ranged from 3.6 to 23.5 pg/m 3 . 

The second index of exposure to combustion source particulate air 


included questions about age, sex, weight, height, demographic charac¬ 
teristics. smoking history alcohol use, occupational exposures, and other 
characteristics. 

Vital status of participants was assessed from September 1, 1982 to 
December 31, 1989 using two approaches. First, vital status was deter¬ 
mined by personal inquiries by the volunteers in September Of 1964,19B6, 
and 1938. Second, automated linkage using the National Death Index(22) 
was used to extend vital status follow-up through December 31,1989 and 
to identity deaths among the approximately 2% o! participants who were 
lost to follow-up between 1932 and 1988. Death certificates were obtained 
lor approximately 96% of deaths. A nosologist coded cause-of-death ac¬ 
cording to the International Classification of Diseases, 91 h revision (1CD-9) 
(23), without knowledge ol pollution levels. The analytic cohort used in 
this analysis included all CPS-Jt participants who provided complete ques¬ 
tionnaire data on other risk factors evaluated, whose death certificates 
were obtained, and who resided in U.S. metropolitan areas within the 48 
contiguous stales (including the District of Columbia) that bad available 
pollution data. Cohort characteristics are summarized in Table 1. 

TABLE 1 

SUMMARY CHARACTERISTICS OF SUBJECTS IN BASELINE 
ANALYTIC COHORT DERIVED FROM THE ACS, CPS-II 
STUDY COHORT, 1982-1989 


Characteristics 

Analysis with 
Sulfate Particles 

Analysis with 
Fine Particles 

Number of metropolitan areas 

151 

50 

Number of subjects 

552,138 

295,223 

Number of deaths 

38,963 

20,765 

Ago at enrollment, mean 

56.5 

56. S 

Sox, % Female 

56.0 

55.9 

RaCB, % White 

94.2 

94.0 

Black 

4.1 

4.1 

Olher 

1.7 

1.9 

Current cigarette smoker, % 

22.0 

21,6 

Cigarettesfday, mean 

22.0 

22.1 

Years smoked, mean 

33.5 

33.5 

Former cigarette smoker, % 

29.1 

29.4 

Cigaretles/day, mean 

22.0 

22.0 

Years smoked, moari 

22.3 

22.2 

Pipe/cigar smoker only, % 

4.1 

3.9 

Passive smoke, hours/day, mean 

3.2 

3.2 

Occupational exposure, % 

20.0 

19.5 

Less than high school education, % 

12.3 

11.3 

BMI, mean 

25.1 

25.0 

Alcohol, drlnksftiay, mean 

1.0 

1.0 

So dale pa hides. jig/m 5 , mean 
(Standard deviation) 

11.0 


SuHate particles, pg/m 3 , range 

(3.6) 

3.6-23.5 


Fine particles, ng/m 5 , mean 
(Standard deviaiion) 


10.2 

Fire particles, iig/tn 3 , range 

- 

(5.1) 

9.0-33.5 


poliufion was median fine particulate concentration tor 1979 to 1983 cal- j 
culated from the EPA dichotomous sampler network by Lipfert and co- ! 
Workers in a populatton-basecf cross-sectional analysis of mortality across / 

U.S. cities (17). There were 50 metropolitan areas with matching data that . 

could be analyzed using this pollution measure. Across these 5C areas, ( 

median fine particulate concentrations averaged 18.2 ^g/m’ and ranged ■ 
from 9.0 to 33.5 figJm 2 . ■ 

Because both fine and sulfate particles are derived chiefly from the . 
combustion of fossil fuels and because sulfates make up Ihe largest free- 1 
lion of line particles by mass, both pollution measures serve as Indexes 
of combustion source particulate pollution and are highly correlated. For 
the 47 metropolitan areas with both pollution measures, ihe Pearson corre¬ 
lation coefficient between sulfate and tine particulate pollution was 073 

(p < 0.001). 


Statistical Analysis 


Adjusted mortality relalive risk ratios were estimated using multiple reg nes- 
sion analysis based on the Cox proportional hazards model (25> using 
SASfSTAT Soltware (26). The time variable used in ihe model was sur¬ 
vival time from date of enrollment. Survival times of participants who did 
not die were censored at the end ot the study period. Adjusted risk ratios 
were calculated and reported tor differences in air pollution equal to Ihe 
range of pollution observed across the areas (Table 1), AH models were 
stratified by 5-yr age categories, gender; and race (white, black, and other) 
which allowed each sex-race-age category to have its own baseline haz¬ 
ard. Models were estimated including air pollution as an independent vari¬ 
able. To control for smoking at entry, the following variables were included 
in the models: an indicator variable for current smoker, an indicator vari¬ 
able for pipe and/or cigar smoker only, years smoked for current smoker, 
cigarettes per day for current smoker, years smoked lor former smoker, 
number of cigarettes per day lor former smoker, and number of hours 
per day exposed to passive cigarette smoke. To control for other individual 
risk factors, several other variables were included: body-mass index (BMI), 
drinks per day of alcohol, a variable indicating less than a high school 
education, and a variable indicating regular occupational exposure ioany 
of the following: asbestos, chemicalsfacids/solvenis, coal or stone dusts, 
coal tar/pitch/asphalt, diesel engine exhaust, or formaldehyde. 

Cox proportional hazards models were estimated separately for three 
cause-of-death categories: lung cancer (ICD-9 162), cardiopulmonary dis¬ 
ease (ICD-9 401-440 and 460-519), and all others. Deaths not in that spe¬ 
cific category were censored at time of death. To evaluate the robustness 
of the estimated effects, the models were reestimated after separating 
the data by smoking status, and gender. Additionally, to evaluate it the 
results were confounded by differences in climates across the metropoli¬ 
tan areas, weather variables that accounted (or relatively hot or cold con¬ 
ditions were added to the models. 

Ecologic Analysis j 

To compare these results with more commonly available population based ) 
mortality rates, US. metropolitan area mortality rates for 1980 were obtained ) 
from the National Center for Health Statistics (27). These population-based ■ 
mortality rates were from metropolitan areas that correspond approximately 
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to areas used in this study. These mortality rates were adjusted based 
on age-sex-race specific population counts from the 1980 census (28) (with 
seven age categories and a white/nonwhite race designation). The ad¬ 
justed mortality rates were then correlated with sultate and fine particu¬ 
late pollution levels. 

RESULTS 

Adjusted Mortality Risk 

Although small relative to active smoking (Table 2). an associa¬ 
tion between mortality and air pollution was observed. The latter 
association persisted after adjusting for age, sex, race, cigarette 
smoking, pipe and cigar smoking, exposure to passive cigarette 
smoke, occupational exposure, education, BM1, and alcohol use. 
For all-cause, cardiopulmonary, and lung cancer mortality, the 
associations with sulfates were statistically significant (p < 0.001). 
For all-cause and cardiopulmonary mortality, significant associa¬ 
tions were also found using fine particulate matter as the index 
of air pollution. Mortality due to other causes was not significantly 
associated with pollution levels (Table 2 ). 

Lung cancer mortality was associated with combustion source 
air pollution when sulfates were used as the index but not when 
fine particles were used as the index. To evaluate whether this 
inconsistency was due to the use of different study areas or differ¬ 
ent pollution measures, sulfate pollution measures were included 
in models that were restricted to use data only from the 47 metro¬ 
politan areas that had both sulfate and fine particulate measures. 
The adjusted mortality risk ratios (and 95% Cl) for lung cancer 
and cardiopulmonary disease mortality for all persons combined 
controlling for the other risk factors were 1.44 (1.11 to 1.86) and 
1.20 (1.08 to 1.34), respectively. The results were similar to those 
from our initial analysis suggesting that the inconsistency was not 
due to differences in study areas, but lung cancer seems to be 
more strongly associated with sulfate particles than the more 
general index of fine particulate mass. 

The association between air pollution and all-cause and cardio¬ 
pulmonary mortality was consistent across both men and women, 
and among smokers and nonsmokers. Cox proportional hazard 


TABLE 2 


ADJUSTED MORTALITY RISK RATIOS (AND 95% CONFIDENCE 
INTERVALS) BY CAUSE OF DEATH FOR CIGARETTE 
SMOKING and for a difference in POLLUTION- 


Cause of 

Death 

Current 

Smokert 

Sulfates^ 

(19.9 |ig/m 3 ) 

Fine 

Particles^ 
(24.5 ug/m s ) 

All 

2.07 

1.15 

1.17 


(1,75-2,43) 

(1.09-1,22) 

(1.09-1.26) 

Lung cancer 

9.73 

1.36 

1.03 


(5.96-15.9) 

(MI-1.66) 

(0.80-1.33) 

Cardiopulmonary 

2.29 

1.26 

1.31 


(1.79-2.91) 

(1.16-1.37) 

(1.17-1.46) 

AM other 

1.54 

1.01 

1.07 


(1.19-1.99) 

(0.92-1.11) 

(0.92-1.24) 


• Dilferencg in pollution equal to the most polluted areas compared with the least polluted 
using sulfates and fine particles as measures of combu3tlon source air pollution. 

t Risk ratios for cigarette smoking are estimated from (he modef using sulfate data and cor¬ 
respond to the risk of death for a current smoker with 25 yr of smoking 20 cigarettes per day 
as compared with a never-smoker. Risk ratios have been adjusted for age, sex, race, exposure 
to passive cigarette smoke, body-mass index, drinks per day of alcohol, education, and occupa¬ 
tional exposure. 

* Risk ratios have been adjusted for age, sex, race, cigarette smoking, exposure to passive 
cigarette smoke, body-mass index, drinks per day of atcohof, education, and occupational ex¬ 
posure. 

regression models showed no statistically significant differences 
in pollution-related mortality risk when the data were separated 
by smoking and gender strata (Table 3). Estimated pollution-related 
mortality risk was as high for never-smokers as it was for ever- 
smokers and as high for women as it was for men. 

After adjusting for cigarette smoking, the association between 
air pollution and all-cause and cardiopulmonary mortality was not 
sensitive to the inclusion of BMI, alcohol consumption, educa¬ 
tion, and occupational exposure variables, There was also little 
evidence that the results were due to differences in climates across 
the metropolitan areas. Normal daily high, low, or mean tempera¬ 
ture was not correlated with either sulfate or fine particulate pol¬ 
lution. Absolute Pearson correlation coefficients between mean 
temperature variables and sulfate and fine particulate pollution 


TABLE 3 

ADJUSTED MORTALITY RISK RATIOS' (AND 95% Cl) FOR THE MOST POLLUTED AREAS COMPARED 
WITH THE LEAST POLLUTED FOR ALL-CAUSE AND CARDIOPULMONARY DEATHS SEPARATED 
BY GENDER AND SMOKING STATUS 


Sulfates (19.9 ng/m 3 ) Fine Particles (24.5 ug/m 3 ) 


Lung Lung 



. All Cause 

Cancer 

Cardiopulmonary 

At! Causa 

Cancer 

Cardiopulmonary 

All combined 

1.15 

1.36 

1.26 

1.17 

1.03 

1.31 


(1.09-1.22) 

(1,11-1.65) 

(1.16-1.37) 

(1.09-1.26) 

(0.80-1.33) 

(1.17-1.46) 

Women 

1.18 

1.17 

1.39 

1.16 

0.90 

1.45 


(1.06-1.30) 

(0.80-1.72) 

(1.20-1.61) 

(1.02-1.32) 

(0.56-1.44) 

(1.20-1.78) 

Men 

1.14 

1.43 

1.20 

1.1B 

1.10 

1.24 


(1.06-1.23) 

(1.13-1.81) 

(1.08-1.33) 

(1.07-1.30) 

(0.81-1.47) 

(1.03-1.41) 

Never-smokers 

1.18 

1,51 

1.36 

1.22 

0.59 

1.43 


(1.06-1.30) 

(0.73-3.11) 

(1.19-1.58) 

(1.07-1.39) 

(0.23-1.52) 

(1.18-1.72) 

Women 

1.20 

1.61 

1.44 

1.21 

0.65 

1.57 


(1.06-1.36) 

(0.66-3.92) 

(1.20-1.74) 

(1.02-1.43) 

(0.21-2.06) 

(1.23-2.01) 

Men 

1.14 

1.36 

1.28 

1.24 

0.49 

1.24 


(0.97-1.34) 

(0.40-4.66) 

(1.03-1.58) 

(1.00-1-54) 

(0.09-2.66) 

(0.93-1.67) 

Ever-smokers 

1.14 

1.35 

1.20 

1.15 

1.07 

1.24 


(1.06-1.23) 

(1.10-1.66) 

(1.08-1.33) 

(1.05-1.26) 

(0.82-1.39) 

(1.03-1.42) 

Women 

1.14 

1.10 

1.30 

1.10 

0.95 

1.27 


(0.97-1.33) 

(0.72-1.68) 

(1.01-1.66) 

(0.90-1.33) 

(0.57-1.56) 

(0.92-1.74) 

Men 

1.14 

1.44 

1.17 

1.18 

1.12 

1.23 


(1.05-1.24) 

(1.14-1.83) 

(1.05-1.32) 

(1.05-1.29) 

(0.83-1.52) 

(1.06-1.43) 


* Bisk ratios have bean adjusted lor ago, sex, race, cigarette smoking, exposure to passive cigarette smoke, body-mass index, drinks per day 
ot alcohol, education, and occupational exposure. 
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were all less than 0.1 and statistically insignificant (p > 0.25). How¬ 
ever, on average sulfate particulate levels were slightly lower in 
both the relatively cold and relatively hot metropolitan areas. There¬ 
fore indicator variables were created for the relatively hot and cold 
cities (those with normal mean temperatures greater than 60° F 
and less than 50° F). The inclusion of these weather indicator 
variables in the Cox proportional hazard models had little impact 
on the estimated association between particulate air pollution and 
mortality. When these weather indicator variables were included 
in the models, adjusted relative risk ratios (and 95% confidence 
intervals) for lung cancer and cardiopulmonary mortality equaled 
1.36(1.11 to 1.66) and 1.23(1.13 to 1.34) respectively when sulfate 
is used as the pollution measure and 1.05 (0.82 to 1.36) and 1.26 
(1.13 to 1.40) respectively when fine particulate pollution is used 
as the pollution measure. 

Ecologic Comparison 

Age-, sex-, and race-adjusted population-based mortality rates for 
1980 (using metropolitan areas also used in this prospective co¬ 
hort study) are plotted against sulfates and fine particles in Figures 
1 and 2, respectively. Sulfate and fine particle pollution were as¬ 
sociated with higher mortality rates. Regression coefficients be¬ 
tween mortality rates and air pollution equated 10.5 (SE = 1.3) 
and 8.0 (SE = 1.4) deaths/year/100,000 persons in the population 
per pg/m 3 of sulfate and fine particulate pollution respectively. Al¬ 
though this ecologic analysis did not control for risk factors ex¬ 
cept age, sex, and race, these correlations were statistically sig¬ 
nificant (p < 0.001) and demonstrated an association similar to 
that observed in the prospective cohort study of participants from 
the same communities. Using the mean age-sex-race adjusted 
mortality rate as the baseline risk, estimated risk ratios for the 
most polluted city versus the least polluted city using sulfate and 
fine particulate measures of pollution equaled 1.25 and 1.24, 
respectively. 



5 10 15 20 ?3 7,0 35 


F1NF. PARTICLF.3 (rnicrograms per cubic meter) 

Figure 2. Age-, sex-, and race-adjusted population-based mortality rates 
for 1980 plotted against mean fine particulate air pollution levels for 1979 
to 1983. Data from metropolitan areas that correspond approximately to 
areas used in prospective cohort analysis. 


DISCUSSION 

In this study, sulfate and fine particulate air pollution were as¬ 
sociated with a difference of approximately 15 to 17°/o between 
mortality risks in the most polluted cities and those in the least 
polluted cites. Previous studies have observed similar results but 
have been limited by ecologic design or by small number of sub¬ 
jects or study areas. This study differs fundamentally from purely 
ecologic cross-sectional studies in using a prospective cohort de¬ 


W- 50° 


/ • . 



, • • m 

•. % • 


SULFATE PARTICLES (imcrograrns pet' cubic meter) 

Figure 1 . Age-, sex-, and race-adjusted population-based mortality rates 
for 1980 plotted against mean sulfate air pollution levels for 1980. Data 
from metropolitan areas that correspond approximately to areas used in 
prospective cohort analysis. 


sign that allows for direct control of other individual risk factors, 
particularly cigarette smoking. Furthermore, because this study 
linked ambient air pollution data from national data bases with 
a large nationwide prospective cohort, this study is larger and 
represents a wider geographic area. 

Allhough the increased risk associated with air pollution was 
small compared with that from cigarette smoking, results of this 
study suggest that the association between poll ution and mortal¬ 
ity was not likely due to inadequate control of smoking: ( 1 ) The 
associations between air pollution and mortality persisted after 
controlling for cigarette smoking status, pipe and/or cigar smok¬ 
ing, years smoked, and cigarettes smoked per day for both cur¬ 
rent and former smokers, and hours per day exposed to passive 
cigarette smoke. (2) Associations between particulate air pollu¬ 
tion and mortality were as large and statistically significant for 
never-smokers as they were for ever-smokers. 

Other potential sources of confounding are inadequate con¬ 
trol of occupational, socioeconomic, or weather factors. Neverthe¬ 
less, such residual confounding seems unlikely because: (1)The 
association between pollution and mortality was not very sensi¬ 
tive to the inclusion of variables reflecting occupational exposure, 
education, BMl, alcohol consumption, and relatively hot or cold 
weather conditions. (2) In the U.S., men are more likely to be em¬ 
ployed in jobs with high industrial exposure to dust and fumes 
than women; yet the association between mortality and particu¬ 
late air pollution was as high for women as for men. (3) Associa¬ 
tions between particulate air pollution and mortality have also been 
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observed in daily time-series studies from various cities (2-6), yet 
comrnunity-specificoccupational and socioeconomic conditions 
do not fluctuate daily with pollution levels. 

Inthisstudy, individual data on smoking and other risk factors 
were obtained directly by questionnaire. Although accurate meas¬ 
ures of lifetime personal exposure to air pollution would be ideal 
for many research purposes, such measures are unavailable and 
impractical for targe cohorts. Furthermore public policy and pol¬ 
lution abatement strategies typically (and often necessarily) fo¬ 
cus on ambient concentrations of air pollutants. Therefore, ex¬ 
posures to air pollution were estimated using ambient air pollution 
for metropolitan areas based on existing air pollution monitoring 
data. 

The pollution data characterize differences in exposure be¬ 
tween metropolitan areas for a specific period of time that corre¬ 
sponds roughly to the period of cohort enrollment and to the period 
when EPA dichotomous sampler network data were available. The 
biologically relevant exposure window for at least some of the mor¬ 
tality outcomes under study includes time periods for up to 15 
or more years prior to death. The lack of long-term exposure data, 
therefore, results in some misclassification of exposure, the mag¬ 
nitude of which is largely dependent on the temporal constancy 
of the absolute and relative levels of pollution. Data Irom six cit¬ 
ies in the East and Midwest U.S., indicate that annual average 
fine and sulfate particulate concentrations were relatively constant 
from the mid-1970s through the mid-19SGs (20), suggesting that 
the pollution data used in this analysis also partially serve in proxy 
for longer-term exposures. While the lack of long-term exposure 
data constrains our ability to differentiate the time dependency 
of exposure and mortality, the air pollution measures used in this 
study partially reflect exposure to air pollution for periods preceding 
enrollment into the cohort. Furthermore, related exposure mis- 
classitication is unlikely to result in spurious associations between 
pollution and mortality. To the extent that the available exposure 
data do not adequately represent long-term exposure, the total 
chronic effects of air pollution may be underestimated. 

Sulfate and fine particulate pollution data for a large number 
of communities are only available from central site ambient air 
pollution monitoring networks. These data can estimate variabil¬ 
ity in pollution exposure between communities, but wilhirt-com- 
munity spatial variability of sulfate or fine particulate concentra¬ 
tions cannot be estimated for most of the areas included in this 
study. However, long-term transport and large-scale mixing of com¬ 
bustion products result in concentrations of sulfates and fine par¬ 
ticles that are relatively uniform within communities (29). Variability 
of exposure within communities can also be due to differences 
in indoor versus outdoor concentrations and differences in time 
spent outdoors. Studies that conducted detailed monitoring within 
selected communities have concluded that measured indoor and 
personal exposures to sulfate and fine particles are strongly 
correlated with and similar to measured outdoor concentrations 
[30-32). Furthermore, these studies observed little witbin-com- 
munity spatial variation in outdoor sullate or fine particulate con¬ 
centrations compared with between-community variations. For ex¬ 
ample, in Uniontown, Pennsylvania (31), nearly all of the variability 
in outdoor home site concentrations of sulfate particles was ex- 
-plained by concentrations at the central stationary ambient 
monitoringsite(Fl s = 0.92); fine particle concentrations Ihrough- 
out Riverside, California (32) were similarly well estimated from 
the stationary central site monitor. 

This study was limited by the use of death certificates to iden¬ 
tify causes of death. Studies that used antemortem evidence or 
autopsy reports to verily cause of death have found that deaths 
due to respiratory disease are often recorded on the death certifi¬ 


cate as cardiovascular (or circulatory) disease (33-35). Given this 
cross-coding between pulmonary and cardiovascular deaths and 
the potential that cross-coding may vary with age, survival analy¬ 
sis controlling for age and conducted separately for cardiovascu¬ 
lar and pulmonary disease deaths may result in unstable and 
potentially biased estimates of pollution-related mortality risks. To 
avoid these problems, cardiovascular and pulmonary deaths were 
combined. All-cause mortality, or cardiovascular and pulmonary 
disease mortality grouped together, were consistently associated 
with air pollution. 

This study and related epidemiologic studies provide little in¬ 
formation on specific biologic mechanisms responsible for the 
observed effects. Additional research that will help provide a tox¬ 
icologic framework for interpreting these findings is needed. 
Nevertheless, the biologic plausibility of these results is enhanced 
by several observations: (f) The increase in all-cause mortality 
associated with air pollution observed in this prospective cohort 
study is consistent with ecologic correlations presented here for 
the same metropolitan areas and with associations observed 
in several previous population-based cross-sectional mortality 
studies (16-19). (2) The results of this study are similar to those 
of the Harvard Six-Cities prospective cohort study (20) which es¬ 
timated that the relative risk of mortality was 26% higher in the 
most, compared with the least polluted city. (3J Acute exposure 
studies have observed that particulate air pollution levels com¬ 
mon to many of the metropolitan areas included in this study are 
associated with declines in lung function (6-9), increases in re¬ 
spiratory symptoms (6, 8,9), increases in respiratory hospitaliza¬ 
tions (6, 12, 13), restricted activity due to respiratory illness (14, 
15), and increased mortality, especially respiratory and cardio¬ 
vascular mortality (2-6). (4) While this and related epidemiologic 
studies suggest that combustion source air pollution is associated 
with a coherent cascade of cardiopulmonary health effects, this 
pollution is not typically associated with norrcardiopulmonary 
health endpoinls. 

Findings of this study suggest that the associations observed 
between particulate air pollution and mortality in U.S. communi¬ 
ties are not due to confounding by other risk factors, especially 
cigarette smoking. In combination with daily time-series mortal¬ 
ity and morbidity studies, they suggest that combustion source 
air pollutants may be important contributing factors causing re¬ 
spiratory iflness and early mortality due to cardiopulmonary dis¬ 
eases. 
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